Complex cell behaviors require dynamic control over non-muscle myosin II (NMMII) regulatory light chain (RLC) phosphorylation. Here, we report that RLC phosphorylation can be tracked in living cells and organisms using a homotransfer fluorescence resonance energy transfer (FRET) approach. Fluorescent protein-tagged RLCs exhibit FRET in the dephosphorylated conformation, permitting identification and quantification of RLC phosphorylation in living cells. This approach is versatile and can accommodate several different fluorescent protein colors, thus enabling multiplexed imaging with complementary biosensors. In fibroblasts, dynamic myosin phosphorylation was observed at the leading edge of migrating cells and retracting structures where it persistently colocalized with activated myosin light chain kinase. Changes in myosin phosphorylation during C. elegans embryonic development were tracked using polarization inverted selective-plane illumination microscopy (piSPIM), revealing a shift in phosphorylated 
myosin localization to a longitudinal orientation following the onset of twitching. Quantitative analyses further suggested that RLC phosphorylation dynamics occur independently from changes in protein expression.
regulation. Compartmentalized regulation of both RhoA (Kunida et al., 2012; Pertz et al., 2006; Wu et al., 2009 ) and MLCK (Chew et al., 2002) in migrating cells have been described. Less clear is whether RLC is stably phosphorylated or is dynamic. This is important because stable actomyosin fibers are required to generate the force that propels cells forward (Case and Waterman, 2015) . Further, it is unknown how certain fibers are stabilized but not others, or whether phosphorylated RLCs in actomyosin fibers require active maintenance.
Questions of persistence and dynamics are relevant to other contexts, such as embryonic development. NMMII activity has been broadly implicated in shaping organisms and tissues (Mammoto and Ingber, 2010; Siedlik and Nelson, 2015) . Polarized contraction, either in select groups of cells or compartmentalized within individual cells, is thought to help shape organisms (Aldaz et al., 2013) , organs (Gutzman et al., 2015) and even finer structures (Ewald et al., 2008; Kim et al., 2013) . Because both filament orientation and the duration they persist are thought to be vitally important for polarized contraction (Kasza et al., 2014) , an optical approach for measuring myosin RLC phosphorylation would be useful for understanding how NMMII activity is controlled and sustained throughout development.
Fluorescence imaging is invaluable for tracking spatiotemporal regulation of molecules in living specimens, particularly so when combined with sensors that can report molecular activities in vivo (Guo et al., 2014; Jones-Tabah et al., 2017; Liang et al., 2016) . Biosensor imaging has been applied to classic models of embryonic development less frequently than whole animal physiology, with only a handful of successes reported in zebrafish (Andrews et al., 2016; Muto et al., 2011; Xu et al., 2012; Zhao et al., 2015) , Drosophila (Markova et al., 2015) , and C. elegans (Kelley et al., 2015; Vuong-Brender et al., 2018) . Consequently, less is known about protein activities during development outside of gene expression.
Presently available tools are not well suited for measuring RLC phosphorylation in living cells and organisms. Ideally, a myosin RLC phosphorylation assay should reveal the location of phosphorylated RLC proteins within living cells and organisms, provide compatibility with existing optical biosensor technologies, and permit quantification of phosphorylated RLC levels. Fluorescence resonance energy transfer (FRET)-based strategies that incorporate fluorescent proteins (FPs) meet many of these expectations because their ratiometric readout is inherently quantitative. Even so, the conventional two-color FRET approach has drawbacks. Incorporation of two FPs leaves little of the visible spectrum for other sensors and optical tools, such as photoactivatable channels and proteins. FRET experiments also generally require high signal-to-noise images for calculation of an accurate FRET ratio (Padilla-Parra and Tramier, 2012) . The light dosage needed for quantitative ratio imaging frequently introduces phototoxicity and photobleaching issues that limit experimentation.
To address these limitations, we developed an approach to report FP-tagged-myosin RLC phosphorylation using a homotransfer FRET approach. Because FP fluorescence is highly polarized, fluorescence polarization microscopy can be used to detect the depolarization of fluorescence that accompanies FRET (Jares-Erijman and Jovin, 2003; fluorescence anisotropy, between fluorescein molecules in solution led to the discovery and characterization of FRET (Förster, 1948) . Polarization-based FRET measurements are not only indicative of FRET, but are advantageous for quantitative imaging because polarization can be measured more precisely than intensity (Rizzo and Piston, 2005; Rizzo et al., 2006) .
Here, we report that fluorescence polarization imaging enables quantification of myosin RLC phosphorylation dynamics in living cells. It can also accommodate complementary fluorescence approaches, including conventional biosensors and fluorophores. We then combined polarization imaging with a live-cell light sheet microscopy approach (Wu et al., 2011) to enable quantitative imaging over several hours in developing organisms. This approach revealed information about the regulation of RLC phosphorylation in living systems.
RESULTS

Anisotropy FRET NMMII Phosphorylation Assay
PhosphorylationofmyosinRLCstriggersdissociationofRLC:RLC dimers, promoting a conformational change in NMMII that facilitates binding to F-actin (Vicente-Manzanares et al., 2009 ). RLC domain separation presents an opportunity to detect their phosphorylation by monitoring FRET between two FP-RLC fusions ( Figure 1A ). Homotransfer FRET measurements can be collected using a standard widefield microscope configured for polarization microscopy. A plate polarizer is first placed in the excitation path. Two emission polarization images, oriented parallel (P) and perpendicular (S) to the excitation plane, are needed to calculate the fluorescence anisotropy. These can be simultaneously collected on a single camera using an image splitter equipped with polarization-splitting optics ( Figure  S1A ). N-terminal FP-RLC fusions incorporating the mCer3 cyan FP were transfected into REF52 fibroblasts plated on either glass or fibronectin (FN) to promote actomyosin filament formation ( Figure 1B) . The mCer3-RLC anisotropies in glass-plated cells were significantly lower compared to anisotropies from FN-plated cells ( Figure 1C ), consistent with increased homotransfer and RLC dimerization in the dephosphorylated state. The anisotropy of mutant RLC that lack the regulatory phosphorylation sites (S18A, T19A; AA) was reduced significantly compared to mCer3-RLCs containing phosphomimetic aspartate mutations (S18D, T19D; DD) ( Figure 1D ). These results suggest that phosphorylation-induced RLC conformational changes can be quantified using fluorescence polarization microscopy. Similar observations were made using EGFP-RLC and mCherry-RLC fusion proteins ( Figure S2 ), demonstrating the flexibility of this approach across different FP colors.
Next, mCer3-RLC expressing cells were grown on FN-coated coverglass and immunostained ( Figures 1E-1I ) using an antibody to phosphorylated myosin RLC. Although high anisotropy regions ( Figure 1F , blue) revealed the location of actomyosin fibers, low anisotropy pixels sometimes obscured them (arrows). This effect is likely related to image ratioing, which equalizes intensity differences across the cell. Further isolation of the myosin fibers was achieved by thresholding the ratiometric image to mask anisotropy values below 0.133, which is 1 SD above the mean value for the AA mutant ( Figure 1D ). This only marginally improved contrast in cell regions that contain high amounts of lowanisotropy pixels ( Figure 1G ). Intensity information can be better preserved by subtracting a scaled S image (normalized to exclude anisotropies <0.133; Figure S3 ) from the anisotropic P image ( Figure 1H ). Normalized subtraction effectively isolated high anisotropy regions and closely resembled the phosphomyosin RLC immunostain ( Figure 1I ), suggesting that the localization of phosphorylated myosin RLCs can be revealed using fluorescence polarization imaging. mCer3-RLC pixel anisotropies from regions co-localized with the phospho-myosin immunostain were significantly higher than non-colocalized pixels ( Figure  1J ). The average pixel intensity from either subset was not significantly different than the mean pixel brightness over the entire cell ( Figure 1K ).
To test whether actin filament binding affected mCer3-RLC anisotropy, we plated cells expressing the mCer3-RLC(DD) mutant on FN. Anisotropy measurements were taken before treatment with latrunculin A to depolymerize actin filaments. Latrunculin A application changed the localization of mCer3RLC(DD) from filamentous ( Figure 1L ) to diffusely cytoplasmic ( Figure 1M ), but did not significantly alter the fluorescence anisotropy of mCer3-RLC(DD) ( Figure 1N ). These data suggest that RLC phosphorylation, rather than actin binding, is the primary mechanism underlying reduced RLC FRET.
Dynamic Measurement of RLC-FRET in Living Cells
Myosin RLC-FRET dynamics were explored in living cells using mCherry-RLC. REF52 fibroblasts expressing mCherry-RLC were treated with 20 μM ML-7 for 5 min to inhibit MLCK activity. ML-7 treatment reduced mCherry-RLC anisotropy compared to untreated cells (Figure 2A ), consistent with inhibited RLC phosphorylation. ML-7 treatment did not affect the anisotropy of mCherry-RLC(AA), which lacks phosphorylation sites( Figure 2B ). To examine myosin RLC dynamics alongside MLCK, we co-expressed mCherry-RLC with an MLCK FRET biosensor (Isotani et al., 2004) modified to include the brighter mCer3 cyan FP (Figure 2B ). Image capture times were similar for heterotransfer and homotransfer sensors and ranged between 200 ms and 1 s depending on the expression level. Cells were plated on an uncoated glass coverslip to promote myosin dephosphorylation. Depolarization of the cell with KCl activated the MLCK sensor and caused a coincident increase in cytoplasmic mCherry-RLC polarization (Figures 2C, white arrows, 2D, and 2F) . Changes in nuclear RLC phosphorylation were less apparent (Figures 2C, oval, 2E and 2F) , although the MLCK sensor reported activation in both the nucleus and cytoplasm ( Figures 2D, 2E , and 2G). Expression of the mCherryRLC(AA) mutant blocked myosin sensor response to KCl ( Figure 2H ) but did not affect MLCK sensor activation ( Figure 2I ).
MLCK activity and myosin phosphorylation were next examined in randomly migrating REF52 cells plated on an FN matrix (Figure 3 ). Ratiometric images for the MLCK sensor and anisotropy subtraction images for myosin RLC phosphorylation are shown at the onset of data collection and 30 min later ( Figure 3A) . A kymograph was generated at the indicated line ( Figure 3B ) and shows persistent colocalization of MLCK activation and high anisotropy regions of mCherry-RLC, consistent with NMMII phosphorylation. MLCK activity and RLC phosphorylation colocalized at the leading and retracting edges of the cell. In cells expressing wild-type (WT) myosin RLC, increased myosin phosphorylation was observed at the leading edge compared to AA myosin RLC controls ( Figure 3C ). Expression of AA myosin RLC did not affect activation of the MLCK biosensor ( Figure 3D ), which was activated at the leading edge compared to the cell interior. Interestingly, retraction progressed in two stages; an initial "slow" phase characterized by the presence of both phosphorylated myosin and MLCK activity, followed by a rapid phase lacking either phosphorylated myosin or MLCK activation.
To look more closely at RLC phosphorylation during retraction, we applied PDGF to a cell protrusion with a microfluidic pipette (Ainla et al., 2012) . Rhodamine was used to mark the area under stimulation, and application of the fluorescent dye alone did not observably affect cell morphology ( Figure 4A ). PDGF stimulation resulted in the retraction of a cell protrusion initiating ∼5 min into the treatment ( Figures 4A and 4B ). The morphology of the cell outside of the treatment area did not undergo substantial alterations. Before retraction, the tip of the protrusion contained stable high-anisotropy phosphorylated regions ( Figure  4B ). Retraction proceeded through a multi-phasic process similar to those during random migration. Initially, cytoskeletal movements were observed 10-20 μm deep into the protrusion ( Figure 4C , white arrows). These were followed by a slow retraction with elevated RLC anisotropy maintained at the tip of the retracting edge ( Figure 4C , preceding the pink arrow). Myosin dephosphorylation, both at the leading edge ( Figure 4C , following the pink arrow) and internally ( Figure 4C , blue arrow), was associated with an increase in the speed and magnitude of retraction. Changes in myosin RLC anisotropy were quantified along the retracting edge for the duration of the experiment ( Figure 4D ). RLC-anisotropy decreased alongside displacement of the cellular edge. Anisotropy of mCer3-RLC(AA) at the edge did not significantly change after 10 min of PDGF treatment (p > 0.05; t test versus pre-stimulation levels). The PDGFinduced retraction was not significantly affected by expression of mCer3-RLC(AA) compared to mCer3-RLC WT (p > 0.05, t test using 10-min time points).
Activation of p190RhoGAP (Ro¨ nnstrand and Heldin, 2001) , which deactivates RhoA and promotes dissolution of actomyosin fibers (Ridley et al., 1993) , is a likely mechanism. In support of this hypothesis, local PDGF treatment reduced RhoA biosensor activity during retraction, especially during the rapid phase ( Figure S4 ).
Whole Organism piSPIM Imaging of the NMMII Phosphorylation Biosensor
We next explored RLC phosphorylation dynamics in developing C. elegans embryos expressing GFP-MLC-4 (Gally et al., 2009 ), a C. elegans homolog of NMMII RLC. Due to the specimen thickness and light sensitivity of developing C. elegans embryos, we adapted inverted selective plane illumination microscopy (iSPIM) for polarization FRET imaging. Light sheet microscopy restricts illumination to an optical section, limiting light exposure to the sample. This minimizes photodamage compared to other technologies (Huisken and Stainier, 2009 ) and enables long-term observation of developing organisms. Compared to widefield microscopy, exposure times were reduced at least 10-fold from over 200 ms to 20 ms. The iSPIM approach mounts both the light sheet and the collecting objective lenses at the top of an inverted microscope, which facilitates imaging of living specimens.
An iSPIM system was adapted for polarization experiments by incorporating an imagesplitting device fitted with polarization optics in front of the detection camera. A half-wave plate was used to rotate the laser polarization systematically and optimally align it to the collection optics ( Figure S5 ). Anisotropies of GFPlabeled beads (Piston and Rizzo, 2008) in piSPIM were similar to measurements made in widefield microscopy ( Figure S5B ). Embryos expressing GFP-MLC-4 were imaged as soon as fluorescence was detectable by eye, before the start of elongation. Three-dimensional z stacks that spanned the entire embryo were collected every 5 min until hatching, indicating that the approach was gentle enough for long duration (∼7 hr) imaging of C. elegans embryonic development. Embryonic time was estimated from the hatching point. Embryo morphologies at key milestones were consistent with unperturbed development ( Figure S6 ).
The distribution of phosphorylated GFP-MLC-4 was examined at different developmental stages ( Figure 5 ). Early expression was confined to the seam epidermal cells ( Figure 5A ). Phosphorylated myosin was localized along the cell periphery, mainly in puncta, but also indiscriminately along all edges of these cells ( Figure 5B , arrows). In the stage preceding twitching, the discrete localization becomes less pronounced ( Figure 5C ), and the peripheral localization of phosphorylated RLC remained, both longitudinal and transverse (arrows) to the dorsal-ventral axis ( Figure 5D ). At the onset of twitching (Figures 5E and 5F), the transverse component becomes less apparent ( Figure 5F , arrows). In contrast, the longitudinal distribution became more pronounced through the later stages of elongation (Figures 5G and 5H) and was maintained through cuticle synthesis ( Figures 5I and 5J ). The orientation and length of contiguous phosphorylated fibers were quantified in subtraction images using a neurite tracer plugin in FIJI. Post-twitch myosin phosphorylation redistributed perpendicularly to the transverse axis of the egg ( Figures 5K and 5L ). The length of measurable phospho-myosin fibers significantly increased after the onset of twitching ( Figure 5M ), compared to measurements made in the comma stage (n = 5 embryos). These changes grew more pronounced in later stages compared to earlier ones as phosphorylated GFP-MLC-4 became more distinctly localized to the seam cells.
To quantify the amount of myosin RLC phosphorylation at each stage, we devised an approach that takes advantage of the large volume of information generated during a piSPIM experiment. Typically, around 5,000 images are collected that contain both P and S views. Although <1% of the pixels had an adequate signal above background for computational purposes, there were still an ample number of pixels per threedimensional volume (∼10 4 to ∼10 5 ) for quantitative analysis. The variance for a single anisotropic state was estimated using C. elegans embryos expressing GFP-histone ( Figure S7A ). Unlike GFP-MLC-4, the anisotropy of GFP-histone remained constant until hatching over a ∼6 hr period ( Figure  S7B ). The distribution of GFP pixel anisotropies converges on a singlecomponent Gaussian fit ( Figure S7C ), indicating the presence of a single anisotropic state. Measured standard deviations were consistent through three independent experiments ( Figure S7D ) and were used for quantitative analysis of GFPMLC-4 image data.
The mean anisotropies of the two GFP-MLC-4 states were then estimated using quantitative analysis. Pixel anisotropies from a ∼6 hr GFP-MLC-4 imaging experiment (5-min intervals, 60 frames/vol, 55 ms/frame) were pooled together and fit using a two-state Gaussian model. The SD of GFP-histone fluorescence was used as a constraint. Figure 6A shows the distributions of the high-FRET (blue) and phosphorylated MLC (red) components. The analysis was repeated for 5 independent datasets, and the mean anisotropies of the two states converged well ( Figure 6B ).
GFP-MLC-4 expression and phosphorylation were quantified using the mean anisotropies of the two identified states. Three independent piSPIM datasets spanning from pre-elongation to hatching were analyzed. For each time point, GFPMLC-4 pixel data were extracted, and information from each z stack was pooled together for analysis. Time points were normalized to hatching to estimate the age of the embryo, and the total fluorescence ( Figure  6C ) was calculated. The percent phosphorylated GFP-MLC-4 ( Figure 6D ) and quantity of each GFP-MLC-4 state were calculated using values generated from a two-state Gaussian fit ( Figure 6E ). GFP-MLC-4 fluorescence rises sharply throughout the early elongation period. Once elongation ends, GFP-MLC-4 fluorescence reaches a steady state and then slowly declines until hatching. The percentage of phosphorylated myosin RLCs displayed an inverted trend compared to overall fluorescence. This was strongly reflected by changes in the dephosphorylated pool, which was more dynamic than the phosphorylated RLC pool ( Figure 6E ). Phosphorylated myosin levels rose steadily through elongation and persisted until the beginning of cuticle synthesis. These results suggest that changes in GFP-MLC-4 expression are uncoupled from regulation of myosin-RLC phosphorylation and function.
DISCUSSION FRET Reveals RLC Phosphorylation
Taking advantage of the natural dimeric character of myosin RLC, we observe changes in homotransfer FRET between FPlabeled myosin RLC proteins that are associated with phosphorylation. Stimulation of stress fiber formation increased the measured anisotropy, indicating reduced homotransfer. Direct mutation of the phosphorylation sites modulated fluorescence anisotropies in a manner consistent with manipulation of homotransfer FRET in FP-RLCs. Further, changes in RLC anisotropy are independent of binding to fibers, as treatment with latrunculin A did not affect FP-RLC(DD) anisotropy. These results indicate that phosphorylation-mediated effects on RLC-FP homotransfer FRET are the primary mechanism underlying the observed anisotropy changes.
Previous FRET-based approaches to measuring RLC phosphorylation in living cells include in vitro myosin labeling and microinjection (Post et al., 1994 (Post et al., , 1995 and a two-color FRETbased sensor (Yamada et al., 2005) . Even so, these methods are not easily combined with secondary measures because two-color FRET approaches occupy much of the useful visible spectrum. Here, we show that the anisotropy RLC approach can be flexibly deployed using cyan, green, and red FPs, making it optically compatible with existing reagents. Thus, the RLC phosphorylation biosensor can be paired with other optical tools, including classic cyan/yellow FRET biosensors (Figures 2 and 3) , or indicator dyes for marking chemical application with a microfluidic pipette (Figure 4 ). When combined with piSPIM, the dynamics of myosin RLC phosphorylation can be followed in vivo (Figures 5 and 6 ).
Phosphorylated RLC regions can be readily identified using a normalized subtraction image processing protocol that takes advantage of their high anisotropy. Scaling the intensity of the isotropic S image allows masking of low anisotropy, dephosphorylated regions when subtracted from the P image. Unlike ratiometric representations, normalized subtraction preserves intensity differences within the image that result from myosin compartmentalization as it binds actin fibers. Thus, image subtraction was effective at identifying phosphorylated RLCs, particularly in images that also contained a substantial pool of inactive myosin. For example, during the peak of GFP-MLC-4 expression, the proportion of dephosphorylated to phosphorylated GFP-MLC-4 is approximately 5 to 1 ( Figure 6D ).
Compared to other optical sectioning technologies, like confocal or two-photon microscopy, the iSPIM approach is particularly beneficial for polarization imaging (Hedde et al., 2015) . Notably, iSPIM allows for full-frame imaging with a highquantum yield camera, thereby reducing scanning in volumetric imaging to a single dimension along the optical detection axis. This increases data collection speeds (in this study, ∼18 frames per second) and enables simultaneous collection of both P and S images using an image splitting device. Incorporating polarization into iSPIM is fairly straightforward. Alternatively to the solution described here, Hedde et al. (2015) constructed a similar configuration using fiber opticcoupled lasers and a custom-built image splitting strategy for polarization imaging in fibroblasts.
The volume of data generated by piSPIM allowed us to perform a more extensive quantitative analysis of RLC phosphorylation than is typically permitted when pixels are pooled together for statistical analysis by hand-selected regions of interest. Although we considered the latter approach, we decided to pursue an alternative data analysis strategy for several reasons. First, the multi-dimensionality of the data was difficult to reduce using hand-selected regions of interest. Second, we needed to identify the anisotropies of both the phosphorylated and the dephosphorylated states to locate phosphorylated RLC by normalized image subtraction. This would have been difficult using hand-selected regions of interest. Processing data at the pixel level also turned out to be computationally efficient, because it allowed us to bypass visualization and subsequent analysis at the whole image level.
Dynamic RLC Phosphorylation in Fibroblasts
Our studies on myosin phosphorylation in single cells revealed noteworthy insights about regulation of the actomyosin cytoskeleton by MLCK. In response to KCl, colocalization of MLCK activation and RLC phosphorylation was not uniform. Although cytoplasmic myosin RLC increased along with MLCK activation in the cytoplasm, nuclear myosin RLC did not, despite MLCK activation. This underscores the value of measuring myosin RLC independently of its regulators. Tighter colocalization of MLCK activation and myosin RLC phosphorylation was observed in a randomly migrating fibroblast. Interestingly, we found colocalization at both leading and trailing edges. MLCK colocalization with phosphorylated RLC persisted for the duration of the structure, suggesting that the MLCK activity may play a role in maintaining actomyosin fibers. Interestingly, the disappearance of both MLCK and myosin phosphorylation was associated with an increase in the rate of retraction. The retraction process was biphasic, where MLCK and myosin phosphorylation associated with the initial phase. Similarly, the disappearance of phosphorylated myosin is associated with faster retraction in response to local application of PDGF. This treatment also inactivated RhoA, which in turn promotes myosin phosphatase activity through decreased phosphorylation by Rho-kinase (Somlyo and Somlyo, 2003) .
RLC Phosphorylation Dynamics in Embryonic C.elegans
NMMII phosphorylation has long been thought to be a pivotal control point for embryonic elongation. Direct regulators of MLC-4 phosphorylation, LET-502 kinase, and MEL-11 phosphatase have been shown to be complementary and essential regulators of actomyosin driven shape changes during elongation (Piekny et al., 2000; Wissmann et al., 1997) . Genetic evidence points to the complexity of MLC-4 regulation at this developmental stage. NMMII kinases (Gally et al., 2009 ), upstream GTPases (Martin et al., 2016) , and their regulators (Chan et al., 2015; Diogon et al., 2007; Martin et al., 2014) are all thought to provide essential contributions to the developmental program. Indeed, our data show that the percentage of phosphorylated MLC-4 falls throughout elongation, even though gene transcription of LET-502, MEL-11, and MLC-4 rise and peak at the end of this stage (Boeck et al., 2016) . In contrast, the amount of phosphorylated MLC-4 then remains steady through cuticle synthesis, suggesting essential functions for MLC-4 in these later stages of development. The mechanisms underlying these observations have yet to be determined, but our approach provides a tool for measuring changes in MLC-4 activity during embryonic development.
Our studies also suggest that the orientation of phosphorylated RLC changes during twitching. Mechanotransduction has been proposed as a driver of cellular differentiation (Zhang et al., 2011) , and the alignment of strong mechanical forces along the dorsal:ventral axis (Vuong-Brender et al., 2017 ) is thought to play a role in shape development during elongation. Unlike in Drosophila (Rauzi et al., 2008; Simone and DiNardo, 2010) and zebrafish (Behrndt et al., 2012; Urven et al., 2006) , the overall distribution of myosin does not favor the dorsal:ventral axis pre-twitching. This finding is supported by our piSPIM measurements of RLC phosphorylation. Even so, Vuong-Brender et al. (2017) found evidence that actin fibers begin aligning in the dorsal:ventral axis before twitching, and the force generation (i.e., mechanical stress) becomes increasingly aligned with this axis as elongation progresses. Our measurements suggest that once contraction begins, phosphorylated myosin aligns along this axis and remains throughout the remainder of development. Once cuticle synthesis initiates, the structural need for myosin II likely abates, as we see a steady decrease in the quantity of phosphorylated RLC through hatching.
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Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Please direct all inquiries and requests for reagents or resources to M. Rizzo (mrizzo@som.umaryland.edu) .
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture REF52 rat embryonic fibroblasts were a generous gift from Dr. Joseph Kao (University of Maryland School of Medicine). They were maintained at 37C in Dulbecco's Modified Eagle's Medium (Mediatech) containing 10% fetal bovine serum (Hyclone) and 100U/ml streptomycin and 100U/ml penicillin (Hyclone). Transfections were performed using LipoD293 from SignaGEN, as per the manufacturer's instructions 24-48 h before experimentation. Before imaging, media was replaced with Hank's Balanced Salt Solution (GIBCO) supplemented with 0.1% BSA. For imaging, cells were either directly plated on glass-bottom dishes (MatTek) containing No. 1.5 coverslips, or dishes treated with 10 mg/ml FN from human plasma (Sigma) in sterile-filtered PBS for 1 h before plating.
C. elegans strain culture
Strains used in this paper include BV24 gravid adults were placed in a watch glass containing M9 buffer and were cut in half to liberate embryos. Embryos were transferred via pipette onto a poly-L-lysine coated coverslip in an iSPIM imaging chamber filled with M9 buffer for C. elegans and imaged as previously described (Wu et al., 2011) .
METHOD DETAIL
Construct preparation
Human myosin II regulatory light chain was amplified by PCR and subcloned into mCer3-C1 , pEGFP-C1 (Clontech) or mCherry-C1 (Shaner et al., 2004) using XhoI and BamHI restriction sites. Phosphorylation site mutations were made using the QuikChange methodology (Agilent). A brighter variant of an existing MLCK sensor (Isotani et al., 2004) was also generated by swapping the previous CFP for mCer3. To accomplish this, mCer3 was amplified by PCR, and inserted into the existing sensor using XhoI and AgeI restriction sites. Similarly, an existing RhoA (Pertz et al., 2006) sensor was modified to incorporate mCer3 by first amplifying the segment containing ECFP and the Rho-binding domain. This sequence was subcloned into the EGFP position in the pEGFP-N3 vector using NheI and NotI restriction sites. mCer3 was then amplified from the pmCer3-C1 vector and exchanged for ECFP using NheI and BsrGI. The newly made Rho-binding domain-mCer3 sequence was re-amplified and inserted into the original vector using NcoI and NotI restriction sites.
Widefield microscopy
FRETexperimentswereperformedonZeissAxioObserverwidefieldsystemsconfiguredfor fluorescencepolarizationmicroscopy (Desmond et al., 2015) . A polarizer was introduced between the light source and fluorescence filter cube ( Figure S1A ) (Piston and Rizzo, 2008) . P and S polarizations were separated using either an Optical Insights Dual-view containing the manufacturer's polarization-splitting filter set (Desmond et al., 2015) or a customconfigured W-view (Hamamatsu) ( Figure S1A ). 455 LED illumination was used for exciting mCer3 and the MLCK sensor, and collection used standard high-efficiency filter sets for cyan and yellow fluorescent proteins (Zeiss) located in the microscope reflector turret. 530nm excitation and the Zeiss dsRed high-efficiency filter set were used for mCherry illumination.Alexa-594 imaging was performed with 590nm LED excitation and a matching red Zeiss filter cube (#63HE).A 1.6 × Optovar lens was moved into the collection path for increased magnification for the immunostaining studies. Objective lenses (Zeiss) used in this study were a 20 ×, 0.75 NA plan-apochromat and a 40 ×, 1.3 oil plan-apochromat. Cooled CCDs, either an ORCA-R2 (Hamamatsu) or Axiocam 506 (Zeiss), were used to collect images. Typical exposure times ranged from 0.2 to 1 s per image.
Antibody staining
REF52 cells were fixed and stained as previously described (Ding et al., 2011) , using rabbit antibodies for phospho-myosin light chain 2 (Cell Signaling Technologies) and an Alexa 594 conjugated secondary (Jackson Immunoresearch).
Preparation of EGFP-labeled beads
Agarose beads were liberated from HiTrap columns (GE Healthcare) and labeled with recombinant H 6 EGFP protein. Bead (Piston and Rizzo, 2008) and protein preparation (Rizzo et al., 2006 ) were performed as previously described.
piSPIM setup
The iSPIM system was modified from our original, symmetric objective design (Wu et al., 2011) , by using an asymmetric combination: a 0.3 NA excitation objective (Nikon 10 ×, 3.5mm working distance) to introduce the light-sheet, and a 1.0 NA detection objective (Zeiss, W Plan-Apochromat 63 ×, 2.1mm working distance) to collect fluorescence (Lakdawala et al., 2014) . Emitted light was filtered through a 525/50 nm bandpass filter (Semrock). A tube lens (Applied Scientific Instrumentation, f = 250 mm) focused emitted fluorescence through an image splitter (Hamamatsu) equipped with wire grid polarizers (Meadowlark) to separate P and S polarizations ( Figure S1B ). An electron-multiplying charge coupled device (EM-CCD, Andor, iXon DU-897T) was used for detection. The 488 nm excitation power was set at 200 μW (as measured before the excitation objective), and the excitation polarization was adjusted by a rotatable half-wave plate (Thorlabs) ( Figure  S1B ). The acquisition was modified to a stage-scanning mode in which the sample stage is translated through the stationary light sheet . We recorded enough planes per volume for each embryo to fully span the entire embryo (a maximum of 60 planes), spacing planes every 1 μm. The exposure and readout time for each plane was set to 55 ms, corresponding to a maximum total time of 3.3 s per volume. For experiments that spanned from the comma stage to hatching, volumes were acquired every 5 min. Less expansive datasets were included for calculating anisotropies of the two RLC states. Imaging intervals ranged from 1 to 5 min over periods ranging from comma to hatching, with the total number of z stacks ranging from 30 to 100.
QUANTITATIVE AND STATISTICAL ANALYSIS Data analysis for widefield experiments
Widefield P and S images were first split by selectively duplicating each respective half. Images were then recombined into separate channels and registered either in FIJI using the StackReg package (Thévenaz et al., 1998) or using AxioVision software. Mean pixel values from hand-selected regions of interest were used to quantify cellular and background fluorescence. Color-coded lookup tables for FRET images were applied in FIJI. Kymograph analyses in Figures 2C, 2D , and 3D were performed using both FIJI and R. Individual channel kymographs first generated from aligned images in FIJI and imported into R. Automated scripts were used to calculate anisotropy and FRET values. Threshold values were adjusted to align detected edges within 1 pixel for double FRET sensor studies. Anisotropy and FRET values within 3 microns of the edge were pooled together for analysis.
piSPIM image analysis
The raw images were first background-subtracted and transformed using an ImageJ macro. The transformation deskews the raw images acquired with stage-scanning mode so that they appear as conventional 3D stacks, viewed as if the light-sheet is scanned through a stationary sample . Registration of P and S images was implemented in the opensource MIPAV programming environment as previously described (Wu et al., 2013) . Data were then analyzed using the R programming language with the EBImage package (Bioconductor). Pixel anisotropy values were calculated for the entire dataset, and data for analysis was extracted using the following constraints: inclusion of intensity values in the P image between 4000 and 15680, and pixel anisotropy values between 0.1 and 0.4. Inclusion criteria were applied uniformly to each dataset. Curve fitting was performed using Prism software (GraphPad).
Statistical analysis
All statistical tests and curve fittings were performed in GraphPad Prism. For Student's t tests, two-tailed, unpaired tests were run, and p < 0.05 was considered significant. The number of replicates, and nature of error bars (SD, SEM), are indicated in the figure legends.
Normalized Subtraction Image Processing
Scaling factors were calculated from theoretical P and S values and plotted against their anisotropy using the correction or 'G factor' (Piston and Rizzo, 2008) appropriate widefield and piSPIM microscopes ( Figure S2 ). To mask pixels with anisotropies less than the determined value, the S image was multiplied by the scaling factor. The scaled S image was then subtracted from the P image using the Image Calculator function in FIJI.
Phosphomyosin path tracing
Quantitative image analysis of phosphomyosin fiber lengths and orientations were performed on maximum intensity projections derived from normalized subtraction images at the indicated embryonic stages. Images were smoothed, and contiguous phosphomyosin regions were traced using the 'Simple Neurite Tracer' FIJI plugin. Traces were skeletonized, and path length was quantified using the 'Analyze Skeleton (2D/3D)' plugin. Path orientations were measured by hand. Additional segmentation was performed on regions displaying sharp changes of direction at acute or right angles. Orientations were normalized to the transverse axis of the embryo.
Deconvolution
Where noted, constrained, iterative deconvolution was performed on three-dimensional datasets using Axiovision 4.8 software (Carl Zeiss Microscopy). A theoretical point spread function for deconvolution was generated using the specifications of the collecting piSPIM objective lens.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (D) RLC phosphorylation sites (Ser19 and Thr18) (Ikebe et al., 1986) were mutated to alanines (AA) to prevent phosphorylation or aspartates (DD) to mimic RLC phosphorylation and expressed in REF52 cells. Fluorescence anisotropies were measured in REF52 cells expressing mutant mCer3-RLCs (t test as in C, ****p < 0.0001, n = 28 biological replicates for AA and 27 for DD, bars indicate SD).
(E) REF52 cells expressing mCer3-RLC were platedon FN and fixed.
(F) A ratio image was generated and pseudocoloredto show high anisotropy (i.e., phosphorylated) regions in blue. Some regions contain both high and low anisotropy pixels, making identification of phosphorylated myosin structures in the ratio image difficult (arrows).
(G and H) Anisotropy pixels above 0.133 were identified either by thresholding the ratio image (G) to mask low anisotropy pixels or performing a normalized image subtraction (H).
(I) Cells were immunostained with phospho-myosinantibodies to identify phosphorylated RLC.
(J) mCer3-RLC anisotropy data from phosphomyosin immunostained cells was sorted into regions lacking co-localization (Non-Phos) and regions colocalized with phosphomyosin (Phos). Phos regions contained significantly higher anisotropies (n = 10 biological replicates; ****p < 0.0001, t test, bars indicate SD). (A-C) Localized changes in RLC phosphorylation were stimulated using a microfluidic pipette to deliver 10 ng/mL PDGF to one portion of a REF52 cell expressing mCer3-RLC.
(A) Rhodamine (in red) was used to mark the area of stimulation for several minutes before addition of PDGF. The P image of mCer3-RLC presented(cyan). (A-J) Changes in phosphorylated GFP-MLC-4 distribution were followed using piSPIM. Embryos were imaged starting at the first signs of GFP-MLC-4 expression. Z stacks were taken every 5 min until hatching. Comma (A and B), pre-twitching (C and D) and posttwitching (E and F) 2-fold, late elongation (G and H), and post-cuticle induction (I and J) stages are shown. Maximum intensity projections derived from image volumes for deconvolved S polarization images are shown alongside normalized subtraction images that indicate the location of GFP-MLC-4 phosphorylation (r > 0.27) (A, C, E, G, and I). Parallel striations in (C) and (E) result from under-sampling in the z dimension. Boxed regions of interest were enlarged (B, D, F, H, and J). In the comma stage, (B) phosphorylated myosin is organized around cell exterior (arrows and dashed lines) without apparent preference. Beginning in the twitching stage, myosin phosphorylation primarily becomes organized longitudinally to the embryo axis (compare pre-twitch, D, and post-twitch, F); arrows highlight the transverse organization in the pre-twitch state that is lost once twitching begins). This distribution becomes more pronounced as the embryo develops (H and J, arrows). Scale bars, 10 μm.
(K-M) The orientation (L) and length (M) of contiguous phosphomyosin regions were quantified in maximum intensity projections of subtraction images for embryos at the indicated stages (n = 5 biological replicates). Orientations were normalized to the transverse axis (K) of the egg. Mean values were compared to the comma phase (ANOVA, Dunnett's multiple comparison test; NS, p > 0.05; ***p < 0.001; ****p < 0.0001; bars indicate SD)
Figure 6. Quantification of GFP-MLC-4 FRET Dynamics during C. elegans Embryonic Development
(A) To calculate the anisotropies of the two GFPMLC-4 conformational states, we compiled data from a piSPIM imaging session of a GFP-MLC-4 expressing embryo. The embryo was imaged from comma to hatching, with one 60-frame z stack acquired every 5 min over an ∼7 hr period. Pixel anisotropy values from ∼5,000 images were pooled together, and the distribution of values was fit to a two-component Gaussian distribution (gray). Individual components for the FRET (blue) and phosphorylated states (red) are shown. (D and E) Pixel anisotropy values for each time point were then fit to a two-state Gaussian model. Peak amplitudes for each state were then used to calculate the relative percentage of phosphorylated pixels (D, n = 3 biological replicates, bars = SEM), and the quantity (E, n = 3 biological replicates, bars = SEM, FRET pixels are blue, and phosphorylated pixels are red).
